PFOA, with medians being highest in the Tokai/Hokuriku/ Kinki region. Conclusions: These findings suggest that the concentrations of PFOS in blood were mainly associated with fish consumption and that the levels of PFOS and PFOA were associated with the serum levels of liver enzymes in Japanese populations. Further investigations are required to clarify the reason for the regional differences in blood levels of PFOS and PFOA in Japan. (J Occup Health 2013; 55: 184−194) Key words: Blood, Fish intake, Perfluorooctanesulfonate (PFOS), Perfluorooctanoate (PFOA), Serum liver enzymes Perfluorochemicals (PFCs) are man-made chemical substances containing C-C and C-F bonds. PFCs are extremely resistant to degradation, and accumulate in the environment. Perfluorooctanesulfonate (PFOS) and perfluorooctanoate (PFOA) are two of the main PFCs. PFOS and PFOA have both hydrophilic and lipophilic properties. PFOS bioaccumulates in animal tissues through the food web 1) , and exposure to PFOA occurs in part through drinking water and beverages 2) . The geometric mean elimination half-lives of PFOS and PFOA from human serum are approximately 4.8 and 3.5 years, respectively 3) . Recently, it has been reported that PFOS and PFOA have toxic effects on wildlife and humans. The toxicity includes neurobehavioral defects 4) , hepatotoxicity 5) , immune toxicity and carcinogenicity 6) . A reduction in human exposure to PFCs has been reported following the phasing-out of perfluorosulfonyl-based compounds and the Environmental Protection Agency's program The purpose of the present study was to examine the factors associated with the blood levels of PFOS and PFOA. Methods: A cross-sectional study was performed on 307 men and 301 women (aged 16−76 years) living in 15 prefectures in Japan. Blood levels of PFOS and PFOA were measured by liquid chromatography-mass spectrometry. Hepatic enzymes (γ -GTP, GOT, and GPT) and ω -3 polyunsaturated fatty acids (DHA and EPA) levels in serum were also measured. Associations between the levels of PFOS and PFOA in blood and the intake frequency of 41 kinds of dishes, foods and beverages and the serum levels of liver enzymes and ω -3 polyunsaturated fatty acids were examined using rank correlations. Results: Frequency of intake of boiled fish in broth, sliced raw fish and coastal fish showed significant positive correlations with PFOS concentrations in blood after adjustments for potential confounders. Serum levels of GOT, GPT, DHA and EPA showed significant positive correlations with PFOS and PFOA in blood. There was also a significant regional difference in the blood levels of PFOS and
Perfluorochemicals (PFCs) are man-made chemical substances containing C-C and C-F bonds. PFCs are extremely resistant to degradation, and accumulate in the environment. Perfluorooctanesulfonate (PFOS) and perfluorooctanoate (PFOA) are two of the main PFCs. PFOS and PFOA have both hydrophilic and lipophilic properties. PFOS bioaccumulates in animal tissues through the food web 1) , and exposure to PFOA occurs in part through drinking water and beverages 2) . The geometric mean elimination half-lives of PFOS and PFOA from human serum are approximately 4.8 and 3.5 years, respectively 3) . Recently, it has been reported that PFOS and PFOA have toxic effects on wildlife and humans. The toxicity includes neurobehavioral defects 4) , hepatotoxicity 5) , immune toxicity and carcinogenicity 6) . A reduction in human exposure to PFCs has been reported following the phasing-out of perfluorosulfonyl-based compounds and the Environmental Protection Agency's program to reduce PFOA emissions and content in products 7) . Decreasing levels of PFOS and PFOA have been observed in biomonitoring studies in the United States as well 8) .
Dietary habits may play a crucial role in the accumulation of PFOS and PFOA in the human body. However, there is still debate over the sources of dietary exposure to PFOS and PFOA in humans. Several reports have indicated that PFOS and PFOA were transferred into the human body mainly through fish intake 9, 10) . On the other hand, research in Denmark showed positive associations between concentrations of PFOS in blood and consumption of red meat, animal fat and snacks, but not fish 11) . Few studies have investigated the factors associated with blood levels of PFOS and PFOA in Japan. Therefore, we intended to clarify the factors correlated with blood levels of PFOS and PFOA, especially with regard to sex, age, residential area, lifestyle, reproductive history, and blood biochemical tests, in the Japanese population.
Materials and Methods

Study subjects
The study subjects were participants in the "Survey on the Accumulation of Dioxins and Other Chemical Compounds in Humans" project, which has been performed under the supervision of the Japanese Ministry of the Environment since 2002. The purpose of this project is to collect data on blood levels and the dietary intake of dioxins and other chemical substances and their determinants in Japanese populations without occupational exposure 12, 13) . The surveys were carried out in five regional blocks: Hokkaido/Tohoku, Kanto/Koshin-etsu, Tokai/Hokuriku/ Kinki, Chugoku/Shikoku, and Kyushu/Okinawa. In 2008, one prefecture was selected from each of the five regional blocks, and from each prefecture, three study areas (urban, agricultural and fishing areas) were selected. Urban, agricultural and fishing areas represent the places where industries of commerce and manufacturing, farming and fishing take place, respectively. In each prefecture, 50 subjects, 20 from the urban area and 15 from each of the agricultural and fishing areas, were recruited. In 2009 and 2010, two study areas (an urban area and an agricultural or fishing area) were selected from each prefecture, and 35 subjects, 20 from the urban area and 15 from the agricultural or fishing area, were recruited. The number of study subjects was reduced in 2009 and 2010 because of financial constraints. Participants were recruited through magazines, posters, the website of a local government office, and broadcasts in the area. Subjects were eligible if they were 15−76 years old, had lived for at last 10 years without frequently leaving the residential area for work or other reasons and were not suffering from severe anemia. The project collected data on blood levels of PFOS and PFOA from 608 subjects (307 men and 301 women) during 2008−2010. Written informed consent was obtained from each participant. The study protocol was reviewed and approved by the Ethical Committee of the Ministry of the Environment of Japan.
Questionnaire
Participants were requested to complete a questionnaire that included questions on residential and occupational histories, history of previous diseases and treatments, smoking habits, and dietary habits. Regarding dietary habits, the subjects were asked how often they had consumed 41 dishes, foods, food groups and beverages over the previous month. For rice, the amount consumed (how many cups/day) was asked. For the other 40 dishes, foods and beverages, the frequency of intake was classified into 5 categories: rarely, 1−2 times month −1 , 1−2 times week −1 , 3−4 times week −1 and almost every day, which were converted to times week −1 , i.e., 0.1, 0.35, 1.5, 3.5 and 6 times week −1 , respectively. We did not specify the unit or portion of the foods consumed.
Collection and analysis of blood samples
Blood samples were collected in 10-ml Vacutainer tubes containing sodium-heparin solution (Terumo VT-100 or Becton, Dickinson and Company 367677). PFOS and PFOA were extracted using a method previously described by Hansen et al. 14) , with some modifications. Briefly, 0.5 ml of blood, 1 ml of 0.5 M tetrabutylammonium hydrogen sulfate solution, 2 ml of 0.25 M sodium carbonate buffer, 10 µ l of 500 ng ml −1 PFOS-13 C 4 and 10 µ l of 500 ng ml −1 PFOA-13 C 4 were added to a tube and mixed. Following addition of 5 ml of metyl tert-butyl ether (MTBE) to the solution, the organic and aqueous layers were separated by shaking and centrifugation, and the organic layer was removed and retained. The raffinate was rinsed with MTBE and separated. The organic layer of the first and the second extractions were combined, and the extract was evaporated and dissolved with 1 ml of acetonitrile. Then, the sample was passed into a cartridge column (Oasis MCX Vac Cartridge [3 cc, 60 mg, Waters], and eluted with 10 ml of acetonitrile. The sample was further evaporated, reconstituted in 1 ml of methanol and passed through a filter to remove suspended materials and insoluble particles. PFOS and PFOA concentrations were determined using liquid chromatography (Agilent 1100, Agilent Technologies, Palo Alto, CA, U.S.A.)-mass spectrometry (API 4000 QTrap, AB Sciex, Framingham, MA, U.S.A.). The limit of quantification was 0.20 ng ml −1 for PFOS and 0.32 ng ml −1 for PFOA. In the recovery test (No.=7), percentage recovery was 95.6% (coefficient of variation [C.V.]=1.7%) for PFOS and 100.9% (C.V.=2.1%) for PFOA. In this study, whole blood was used for analysis of PFOS and PFOA because not only the serum fraction but also red blood cells contain PFOS and PFOA.
Blood samples were also collected into 9-ml Vacutainer tubes and used for the measurement of γ -glutamyl transpeptidase (γ -GTP), glutamic-oxaloacetic transaminase (GOT), glutamic-pyruvic transaminase (GPT), docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA). Liver enzymes and ω -3 polyunsaturated fatty acids in serum were determined by an automatic biochemical analyzer (Hitachi 7450, Japan) and by a gas chromatograph (Agilent Technologies 6890N, U.S.A), respectively, at SRL, Inc., (Tokyo, Japan).
Statistical analysis
The statistical significance of differences in blood levels of PFOS and PFOA according to sex, age category, regional block, residential area, smoking habits, reproductive history and method of nursing in women was tested using general linear models, adjusted for age, sex, log (BMI), regional block, residential area and smoking habits, excluding the independent variable of interest. In this analysis, the levels of PFOS and PFOA in blood were log-transformed because they were positively skewed. The antilog values of least-square means, adjusted for other factors included in the models, are presented. Associations between the concentrations of PFOS and PFOA in blood and the frequency of intake of dihses, foods and alcoholic beverages and the serum levels of liver enzymes and ω -3 polyunsaturated fatty acids were examined using the Spearman rank correlation, after adjusting for the effects of age, sex, BMI, regional block, and smoking habits (Model 1). Using items that showed significant correlations in Model 1, fully adjusted analyses were performed for dishes, and foods and alcoholic beverages, separately (Model 2). In the analysis of liver enzymes, frequency of intake of alcoholic beverages was further adjusted (Model 2). In multivariate analysis, indicator variables were created for sex (No.=2), regional block (No.=5), smoking habits (No.=3), and frequency of alcohol drinking (tertiles, No.=3), and all categories except for the reference categories were included in the models. We performed all statistical analyses using the GLM and CORR functions of the SAS software package (version 8.2; SAS Institute Inc. 1997) 15) . Results were considered statistically significant if p-values were less than 0.05 (two-tailed). Table 1 shows the characteristics of the study population. The proportions of men and women were 50.5 and 49.5%, respectively, and the mean age was 46.3 years (S.D. 13.2 years). Because of the study design, the participants were distributed almost equally according to regional block. The proportion of subjects from urban areas comprised 44.2%, followed by fishing villages (33.6%) and farming villages (22.2%). Table 1 also shows the proportion of nonsmokers, current smokers and ex-smokers, according to sex. Table 2 presents the medians (with 25th and 75th percentiles) of PFOS and PFOA levels in blood, serum levels of hepatic enzymes (γ -GTP, GOT and GPT) and ω -3 polyunsaturated fatty acids (DHA and EPA), BMI and frequency of intake of dishes, foods and alcoholic beverages. The medians of PFOS and PFOA levels in blood were 5.8 and 2.1 ng ml −1 , respectively. Tables 3 and 4 present adjusted mean blood concentrations of PFOS and PFOA according to sex, age category, regional block, residential area, smoking habit, reproductive history and method of nursing. Because of the positively skewed distributions even after log-transformation, adjusted mean concentrations of PFOS and PFOA were somewhat higher than the medians. Men showed significantly higher blood levels of PFOS than women. In both men and women, blood levels of PFOS increased with age, with statistically significant differences among five age categories. In women, levels of PFOA in blood also increased with age, and the difference among the age categories was significant. With regard to regional block, PFOS and PFOA levels were by far the highest in the Tokai/Hokuriku/Kinki region, where the adjusted means of PFOS and PFOA were significantly higher than those of all other regional blocks (p<0.05 by Tukey-Kramer's method). Concentrations of PFOS were highest in fishing villages, followed by urban areas and farming villages. However, there was no significant difference in PFOA levels in blood according to residential area. No significant difference was found in the blood levels of PFOS or PFOA according to smoking status. In women, those with experience of pregnancy had significantly lower PFOS and PFOA levels in blood. There was no difference in blood levels of PFOS or PFOA according to method of nursing. Table 5 shows the correlation coefficients of PFOS and PFOA levels in blood with the frequency of intake of dishes, foods and alcoholic beverages and the serum levels of ω -3 polyunsaturated fatty acids and liver enzymes. After adjustments for age, sex, BMI, regional block, smoking habits and other potential confounders (Model 2), frequency of intake of boiled fish in broth, sliced raw fish, and coastal fish showed significant positive correlations with PFOS, but not with PFOA. Some other dishes or food items were negatively correlated with blood levels of PFOS and PFOA. However, interpretation of the results was rather difficult. Serum levels of DHA and EPA had significant positive correlations with PFOS and PFOA. Serum levels GOT and GPT showed significant positive correlations with PFOS and PFOA in blood. On the other hand, frequencies of intake of beer, rice wine (sake) or spirits (syochu) were not significantly correlated with blood levels of PFOS or PFOA.
Results
Discussion
In the present study, median PFOS and PFOA concentrations in whole blood were 5.8 and 2.1 ng ml −1 , respectively. Most previous studies used serum or plasma as a biological medium to evaluate the body burden of PFOS and PFOA, and mean ratios of serum to whole blood concentrations were reported to be approximately 2.3 for PFOS and 2.0 for PFOA 16 ) . The estimated median serum level of PFOS in our study (13.3 ng ml −1 ), using the ratio of 2.3, was similar to those in serum or plasma reported for Germany 17) , Australia and Japan (10.9−18.3 ng ml −1 ) 18, 19) , higher than those reported for Italy 20) Korea and Vietnam (5.6−8.4 ng ml −1 ) 21, 22) and lower than those in the U.S. 23, 24) and Denmark (30.2−35.8 ng ml −1 ) 25) . On the other hand, the estimated median serum level of PFOA (4.2 ng ml −1 ) was similar to those reported for Germany 17) , Denmark 25) , the U.S. 23, 24) , Italy 20) , Australia and Japan (3.6−6.8 ng ml −1 ) 18, 19) and higher than those in Vietnam and Korea (0.58−1.6 ng ml −1 ) 21, 22) . With regard to gender, levels of PFOS but not PFOA in blood were significantly higher in men than in women. This result for PFOS was in line with those of other studies 17, 18, 20, 23, 26) . One reason for this sex difference may be the effects of pregnancy. In our analysis in women, PFOS levels in blood were lower among those with an experience of pregnancy. One report showed that maternal serum levels of PFOS decreased significantly from 24−28 weeks of gestation to the time of delivery 27) . Menstruation has been suggested as another route of excretion of PFOS 28) . Although we could not evaluate this possibility because of a lack of data on menopausal status, high blood levels of PFOS in women aged 60 years or older were in accord with this notion. The effects of breast feeding seemed small, since there was no difference in PFOS levels in blood according to the method of nursing. Other studies also showed that the milk/serum ratio of PFOS levels was approximately 0.01 22, 29) , suggesting the transfer of PFOS from mother's blood to breast milk to be rather small. Most of the earlier studies 17, 20, 23, 26) , but not others 18, 24) , showed significantly lower serum levels of PFOA in women than in men. The reason for the lack of sex difference in PFOA levels observed in our study may be in part because lower blood levels at reproductive ages (16−39 years) were canceled out by the higher blood levels at postmenopausal ages (≥60 years) in women; it has been reported that blood levels of PFOA also decrease during pregnancy 27) and increase after menopause 28) . PFOS levels in blood increased with advancing age in both men and women, whereas PFOA levels increased with age only in women. The age-dependent increase in blood levels of PFOS and PFOA has been reported in earlier studies from Japan 21) , Germany 17) and Italy 20) but not in studies from the U.S. 23, 24) . The age-related increase in blood levels of these PFCs may be explained by the long biological half-lives and lower elimination rate after menopause in women. However, the reason for the lack of positive correlation between age and the levels of PFOA in men is unclear.
Regarding the relationship between blood levels of PFOS and smoking habits, the results from previous studies were inconsistent. Eriksen et al. 25) reported that serum levels of PFOS were significantly lower in current smokers than never smokers and ex-smokers among Danish men. On the other hand, one Japanese study reported that there was no difference in PFOS levels in serum between nonsmokers and smokers 26) . In our analysis, blood levels of PFOS were somewhat lower among current smokers than non-or ex-smokers, but the difference was not statistically significant.
Frequencies of intake of cooked fish and coastal fish, and serum levels of DHA and EPA, established biomarkers of fish intake 30) , were positively correlated with levels of PFOS in blood. Few studies have investigated the determinants of dietary intake or blood levels of PFOS in Japan. However, market basket studies have shown that dietary intake of PFOS derived mainly from fish and seafood in Spain 10) , and cereals and cereal products, milk and dairy products, fish and seafood, and meat and meat products in Norway 2) . Two previous reports also reported that consumption of fish and shellfish was positively correlated with plasma or serum concentrations of PFOS in Norway 9, 31) . In contrast, meat, but not fish, was a significant predictor of PFOS levels in plasma among pregnant Danish women 11) . The high bioaccumulative potential of PFOS in the food web 1) and high intake of seafood in Japan, Spain and Norway may explain these results. The higher frequency of intake of fish may explain the higher blood levels of PFOS in fishing villages than urban areas and farming villages.
Levels of PFOS and PFOA in blood were found to be significantly correlated with the serum levels of hepatic enzymes. PFOS and PFOA are known to be hepatotoxic in rodents. Exposure of Sprague-Dawley rats to PFOS and PFOA at a dose of 20 mg/kg resulted in hepatomegaly and severe histological changes of the liver, such as fatty degeneration, hepatocytic necrosis, and inflammatory cell infiltration 5) . Positive correlations of serum levels of PFOA with serum liver enzymes (γ -GTP, GOT or GPT) have been reported in several studies on fluorochemical workers with heavy exposure to PFOA or its related substance 32, 33) but not in others 34, 35) . Positive correlations were also observed between serum levels of PFOA or PFOS and hepatic enzymes (γ -GTP and/or GPT) in populations of the U.S. with high or background exposure to these PFCs 36, 37) . One explanation for the positive associations found in the present study may be that liver cell damage alters the rate of elimination of PFOS and PFOA from the human body. Alternatively, background level exposure to PFOS and PFOA might have some adverse effects on liver function. Because this was a cross-sectional study, it was not possible to precisely discuss the cause-effect relationship.
Concentrations of PFOS and PFOA in blood were highest in the Tokai/Hokuriku/Kinki region. This regional difference persisted even after adjustments for age, sex, log (BMI), residential area, and smoking habits, and after exclusion of 91 subjects with liver dysfunction (serum GOT≥40 IU l −1 or GPT≥ 35 IU l −1 , data not shown). If the subjects were limited to Kinki region (No.=92), the median (25th percentile, 75th percentile) levels of PFOS and PFOA were 10.5 ng ml −1 (6.7, 16) and 6.8 ng ml −1 (5.0, 9.6), respectively. Harada et al. 26) indicated that serum levels of PFOS and PFOA were significantly higher among subjects who had lived in the Kinki region for at least two years than other subjects. Another report also showed contamination of river water by these PFCs discharged from facilities such as a public water disposal site and an airport in the Kinki region 38) . Concentrations of PFOS and PFOA in tap water were more than five times higher in the Kinki region than in the Tohoku region 38) . Industries such as metal plating, firefighting, textile treatment, and semiconductor manufacturing have been considered as a source of environmental pollution by PFOS 39) . Our results may support the notion that environmental contamination by PFOS and PFOA released from various industries account for the higher blood levels of these PFCs in the Kinki region.
Several limitations of the present study should be addressed. First, our questionnaire on the intake of foods and beverages queried the frequency but not portion size. However, it is generally recognized that most of the between-person variation in food intake is explained by the frequency of consumption, not portion size 40) . Second, frequency of intake of foods and beverages over only the last month was asked, although dietary habit may be rather stable within the same person. Third, interindividual variation in the frequency of intake was small for several food items, as seen by the small interquartile ranges, which interfered with meaningful analysis of the association between dietary habits and blood levels of PFCs. Fourth, factors associated with blood levels of PFOS and PFOA were examined using a large number of items, which might have yielded spuriously significant results for some items. Fifth, because of the study design, subjects engaged in fishing and farming may have been oversampled compared with the general Japanese population (0.3% for fishermen and 4.4% for farmers) (Statistical Bureau, Ministry of Public Management, Home Affairs, Posts and Telecommunications, 2005). Thus, mean blood levels of PFOS in the present study were considered to be somewhat higher than those of the general population. Finally, we did not examine the effects of other factors, such as drinking water and cookwares used.
In conclusion, our results suggest that blood levels of PFOS were mainly associated with consumption of fish. Blood levels of PFOS and PFOA were positively correlated with the serum levels of hepatic enzymes. Further investigations are needed to clarify the reason for the marked regional differences in the blood levels of PFOS and PFOA in Japan.
